Analysis of Replicating Mitochondrial DNA by In Organello Labeling and Two-Dimensional Agarose Gel Electrophoresis. by Holt, Ian J et al.
Analysis of Replicating Mitochondrial DNA by In Organello Labeling and Two-
Dimensional Agarose Gel Electrophoresis  
Ian J. Holt, Lawrence Kazak, Aurelio Reyes, and Stuart R. Wood  
 
Abstract  
Our understanding of the mechanisms of DNA replication in a broad range of organisms and 
viruses has benefited from the application of two-dimensional agarose gel electrophoresis 
(2D-AGE). The method resolves DNA molecules on the basis of size and shape and is 
technically straightforward. 2D-AGE sparked controversy in the field of mitochondria when it 
revealed replicating molecules with lengthy tracts of RNA, a phenomenon never before 
reported in nature. More recently, radioisotope labeling of the DNA in the mitochondria has 
been coupled with 2D-AGE. In its first application, this procedure helped to delineate the 
“bootlace mechanism of mitochondrial DNA replication,” in which processed mitochondrial 
transcripts are hybridized to the lagging strand template at the replication fork as the leading 
DNA strand is synthesized. This chapter provides details of the method, how it has been 
applied to date and concludes with some potential future applications of the technique.  
Key words DNA replication, DNA labeling, Mitochondrial DNA, Two-dimensional agarose gel 
electrophoresis, 2D-AGE, Replication intermediates, Humans, Mammals  
  
1 Introduction 
 
The DNA in mitochondria is geared to the production of thirteen polypeptides that are 
essential for aerobic respiration and ATP pro- duction. Mammalian mitochondrial DNA is 
typically arranged as closed, circular molecules of 16 kb pairs. Mitochondrial DNA (mtDNA) is 
reliant on a host of nuclear-encoded proteins for its maintenance and expression. A plethora 
of mutations of mtDNA are known causes of human disease, and mutations in the nuclear 
genes required for its replication can be equally devastating [1–5]. Furthermore mutant 
mtDNA has been linked to neurodegenerative disorders, in particular Parkinson’s disease, and 
to the normal aging process [6–11]. Hence, greater understanding of the process of mtDNA 
replication is of considerable importance for many aspects of human health and longevity. 
The technique of two- dimensional agarose gel electrophoresis (2D-AGE) has under- pinned 
recent advances in our understanding of the process of DNA replication in mitochondria and 
combining it with direct DNA labeling expands its range of applications. 
 
1.1 Neutral Two-Dimensional Agarose Gel Electrophoresis 
 
The development of a method of separating branched molecules based on a combination of 
structure and mass transformed the study of DNA replication [12–15]. Neutral 2D-AGE has 
been used to map origins of replication [13, 15–18], identify replication pause sites and 
termini [14, 19, 20], determine the direction of replication fork movement [19, 21, 22], and 
define multiple mechanisms of replication [23–28]. The technique is widely applicable, having 
been used to study DNA replication in eukaryotes, prokaryotes, and viruses [13, 16, 23, 26, 
29–35].  
The essentials of 2D-AGE are the same irrespective of the source of the DNA. The DNA is 
usually restriction digested in order to focus on a particular region of the genome of interest, 
e.g. one suspected to contain a replication origin or pause site. The DNA fragments are first 
separated in a low percentage agarose gel, at low field strength; in the second dimension, a 
higher field strength and a higher percentage agarose gel impregnated with the DNA 
intercalating dye, ethidium bromide, are employed (see Fig. 1 and the step-by-step protocol). 
It is in the second dimension that the shape of the DNA molecule (specifically its 
hydrodynamic volume) becomes a key factor: replication intermediates (RIs) migrate slower 
than linear molecules of the same mass. Hence, the passage of a replication fork through a 
fragment gives rise to a series of intermediates of different mobility, which form a 
characteristic fork, or Y, arc (Fig. 2a). If a fragment contains an origin of replication, a bubble 
structure will form, which is more retarded in the second dimension than a replication fork. 
When a replication fork exits a fragment the bubble is cleaved by the restriction enzyme 
(assuming the nascent strands are duplex DNA (see below)), and so bubble arcs end abruptly 
(Fig. 2b). The extent of a bubble arc depends on the position of the origin within the fragment; 
how- ever, a single fragment cannot define the mode of replication. Hence, it is necessary to 
analyze a series of overlapping fragments to map origins of replication and determine if 
replication is unidirectional or bidirectional (Fig. 2c). Such an analysis revealed weak bubble 
arcs associated with multiple fragments of mammalian and avian mtDNA demonstrating the 
existence of a broad replication initiation zone in vertebrate mtDNA [22, 36].  
Ribonucleotide substitution and RNA incorporation are prominent and highly unusual 
features of mtDNA metabolism. The mtDNA of mammalian cells and tissues contains sporadic 
ribonucleotides [37, 38] and lengthy tracts of RNA (transcripts, termed bootlaces) are 
hybridized to the lagging strand template during replication [38, 39]. Because RNA is much 
more sensitive to extremes of pH than DNA, and the RNA/DNA hybrids are prone to enzymatic 
degradation during nucleic acid isolation, care is required in the preparation of samples for 
the study of mtDNA replication. All reagents should be tested for contaminating RNase H 
activity [40] and sucrose step-gradient purification of the mitochondria is often beneficial. 
Although in recent years we have produced largely intact RIs from mitochondria of solid 
tissues prepared solely by differential centrifugation, or even fresh homogenates [41], we are 
still working toward preparations in which the RNA hybridized to mtDNA is fully intact. This is 
proving particularly challenging in the case of mtDNA of cultured cells, where even interstrand 
cross-linking of the mtDNA in intact cells is insufficient to preserve fully the bootlaces [41], 
and this can explain the recently reported distribution of mtSSB bound to mtDNA in HeLa cell 
mitochondria [42]. Alternatively, the bootlace mechanism is much sloppier in cultured 
(aneuploid) cells than in vivo, and missing bootlaces are substituted by mtSSB; but in view of 
the clear threat to mtDNA integrity posed by extensive single-stranded regions formed during 
replication [43], we view this as highly unlikely even for cancer cells. Ultimately, quantitative 
methods that measure the coverage of RNA versus mtSSB on actively replicating molecules 
will be needed in the future to determine the contributions of each to lagging strand template 
protection.  
Although neutral 2D-AGE is not the only means of dissecting DNA replication, it is one of the 
few methods appropriate to the study of replicating DNA with a high ribonucleotide content. 
The alternative form of two-dimensional agarose gel electrophoresis that employs alkali in 
the second dimension (Neutral/alkaline 2D-AGE) [44] is inapplicable to mammalian mtDNA, 
because it will result in the fragmentation of the template and nascent DNA strands, as well 
as complete loss of any RNA/DNA hybrid. In our hands, atomic force microscopy is 
considerably harsher than 2D-AGE, often leading to fragmentation of mitochondrial 
replication intermediates (Holt and colleagues, unpublished observations). The formation of 
RNA/DNA hybrids during mtDNA replication is evident as slow-moving or supra Y arcs (Fig. 
2d), as such hybrids are refractive to restriction digestion creating two (or more) contiguous 
fragments. Once mtDNA samples of high purity have been prepared, RNase H is a valuable 
tool for modifying the RIs in vitro [38, 39] and incorporated RNA can also be retarded or 
captured using antibodies specific for RNA/DNA hybrids [40].  
 
1.2 Combined 2D-AGE and In Organelle Labeling of mtDNA 
 
A limitation of Southern blots of 2D-AGE is that it shows the steady-state level of replication 
intermediates. This becomes particularly problematic where there is evidence of multiple 
mechanisms of replication operating concurrently. If each makes an equal contribution to 
replication but the rates of DNA synthesis are different then the strongest signal will be 
contributed by the slowest mechanism. It was also formally possible that many of the RIs 
detected by 2D-AGE and microscopy methods were dead end products. The solution to this 
problem is to label the DNA in real-time. DNA labeling in situ can be achieved using a variety 
of radioactive or fluorescent nucleotide analogs, and these methods lend themselves to 
pulse-chase analysis. The cells or extracts are incubated with the label for a defined time and 
its fate can be followed over an extended period. Critical questions are: do the RIs incorporate 
label rapidly and are they “chased” into mature DNA?  
It had been shown in 1994 that mtDNA could be labeled “in organello” by incubating isolated 
mitochondria with a radioactive deoxynucleotide triphosphate [45]. We discussed the idea of 
combining 2D-AGE and in organello labeling in the late 1990s, but the standard form of 2D-
AGE generated such a wealth of data on mtDNA replication in the 2000s that the plan was 
repeatedly postponed. When eventually tested, the original in organello labeling protocol 
[45] was found to be robust in our hands and required little in the way of modification. 
Incubations of rat liver mitochondria with 32P-dATP for as little as 5 min strongly labeled the 
previously assigned RIs, as evidenced by 2D-AGE analysis (Fig. 3), and as with those molecular 
species detected in the steady-state the supra-Y arcs and most of the material of the bubble 
arc were grossly modified by RNase H treatment (Fig. 4) [41]. Moreover, following a five-
minute pulse the signal of the mitochondrial RIs declined with time, whereas that of mature 
mtDNA accumulated during a chase of up to 2 h, thereby establishing a precursor product 
relationship between the proposed RIs and mature mtDNA [41]. In our hands, labeling of total 
mtDNA peaks anywhere between 2 and 3 h and declines slowly thereafter. Hence it is not 
possible to extend reactions indefinitely, at least not without further refinement of the 
protocol.  
Our contention that RNA is incorporated on the lagging- strand during the mtDNA replication 
cycle [38–40] made a firm prediction that could be addressed directly using the in organello 
labeling system. Radiolabeled RNA precursors should like their dNTP counterparts become 
incorporated in mitochondrial RIs, but they should not accumulate in the mature mtDNA.1 
RNA can be labeled in mitochondria in much the same way as DNA labeling [46]. 32P-UTP 
labeling of mitochondria followed by DNA isola-ion and 2D-AGE revealed a pattern of RIs 
essentially the same as those detected by DNA labeling [41]. In marked contrast to DNA 
labeling, incubations of at least an hour with 32P-UTP are necessary to be able to detect the 
mitochondrial RIs,2 whereas labeling of the pool of free transcripts is evident within a matter 
of minutes. A DNA chain terminator inhibits in organelle labeling, whereas a RNA chain 
terminator has no impact on replication in isolated mitochondria. The delay in RNA labeling 
of mtRIs and the ineffectiveness of the RNA chain terminator are both incompatible with RNA 
synthesis on the lagging-strand concurrent with leading-strand DNA synthesis. Instead, the 
results suggest preformed RNAs are incorporated at the replication fork, with mitochondrial 
transcripts being the obvious candidates. As predicted by this interpretation, we found it is 
possible to recover mitochondrial transcripts from gel-extracted mtRIs [41].  
These studies demonstrate the ability of in organello labeling to address details of the 
mechanism of mtDNA replication that cannot be achieved by standard 2D-AGE. However, the 
first study did reveal a possible limitation. While replication intermediates composed of fully 
duplex DNA are readily detectable by Southern hybridization [22, 36, 40, 47, 48], they were 
considerably weaker in the material labeled in organello [41]. As described above, this could 
be taken to imply that coupled leading- and lagging-strand DNA synthesis is slower than the 
bootlace mechanism of replication. However, the RNA incorporation mechanism is itself very 
slow, so this explanation seems unlikely. More plausibly, organelle isolation entails disruption 
of the cell, its cytoskeleton and the mitochondrial network, and so this mechanism of replica-
ion may not function well outside the cell.  
The in organello mtDNA replication system provides a test- bed to study the role of proteins 
implicated in mtDNA replication and further details of the mechanism(s). Although it will not 
be easy to source the material, in organello labeling would be ideal to determine if the 
unusual arrangement of adult heart mtDNA with its innumerable four-way junctions is a 
replicative, or post- replicative state [49]. Isolated mitochondria retain the capacity to respire 
and import proteins from the incubation medium and so the levels of individual proteins can 
be increased during the course of an experiment and the different variants can be assessed 
in parallel. Recombinant TFAM has already been shown to stimulate 7S DNA synthesis but not 
increase mtDNA copy number in one study [50]. Testing the DNA helicase Twinkle (C10orf2) 
is of consider- able interest as it increases mtDNA copy number in the mouse, but not in 
cultured cells [51, 52]. In addition, for replication factors known, or suspected, to be shared 
between mitochondria and the nucleus, use of the in organello system allows physiological 
effects in mitochondria to be studied specifically, which would be considerably more difficult 
to accomplish in whole cells. The in organello labeling procedure also has the potential to 
answer many outstand- ing questions about mtDNA replication in pathological states. For 
example, by studying the relative rate of incorporation of labeled nucleotide precursors into 
newly synthesized mtDNA, it should be possible to confirm or refute the idea that pathological 
Twinkle helicase mutants cause replication stalling [51]. Nucleotide balance is also recognized 
as a critical parameter influencing mtDNA replication, since imbalances precipitate mtDNA 
depletion and disease [53–55]. This too may lend itself to analysis in organello, although 
differences in the relative rate of uptake between different nucleotides will need to be taken 
into account. 
 
2 Materials 
 
2.1 Isolation of Mitochondria from Solid Tissue 
 
1. Phosphate-buffered saline: 10 mM phosphate buffer, pH 7.4, 2.7 mM KCl, 137 mM NaCl.  
2. Homogenization buffer (HB): 320 mM sucrose, 10 mM Tris– HCl, pH 7.4, 1 mM EDTA and 1 
mg/mL essentially fatty acid-free bovine serum albumin (BSA).  
3. Motorized Dounce Homogenizer with tight-fitting Teflon pestle.  
4. Sprague–Dawley rats approximately 1 month of age.  
5. Refrigerated centrifuge with rotor suitable for pelleting mate- rial at up to 10,000×gmax in 
volumes of 10–50 mL.  
6. Refrigerated micro-centrifuge. 
 
2.2 Protein Estimation 
 
1. UV Spectrophotometer. 
2. Sodium dodecyl sulfate (SDS), 0.6 % (w/v). 3. Protein standards. 
4. Quartz cuvettes.  
 
2.3 In Organello Labeling  
 
1. Rotisserie-style hybridization oven (see Note 1).  
2. Incubation buffer (IB): 10 mM Tris–HCl, pH 8.0, sucrose and glucose 20 mM each, 65 mM 
d-sorbitol, 100 mM KCl, 10 mM K2HPO4, 0.5 mM EDTA, 1 mg/mL BSA, 1 mM ADP, 5 mM 
MgCl2, 5 mM glutamate, and 5 mM malate (see Note 2).  
3. [α-32P]-dATP (3000 Ci/mmol).  
4. 1 mM solutions of dTTP, dGTP, dCTP, and dATP.  
5. [α-32P]-UTP (12,000 Ci/mmol). 
6. 1 mM solutions of ATP, CTP, and GTP.  
 
2.4 Mitochondrial DNA Extraction  
 
1. Lysis buffer (LB): 20 mM HEPES–NaOH, pH 7.8, 75 mM NaCl, 50 mM EDTA.  
2. 20 % (w/v) Sodium lauroyl sarcosinate (sarkosyl).  
3. Proteinase K (PK): 20 mg/mL in water.  
4.PCIA: equilibrated phenol:chloroform:isoamyl alcohol (25:24:1).  
5. CIA: chloroform:isoamyl alcohol (24:1).  
6. TE: 10 mM Tris–HCl, pH 8.0, 1 mM EDTA.  
7. Isopropanol. 
8. Ethanol.  
 
2.5 Nucleic Acid Restriction and Modification, and 2D-AGE  
 
1. Restriction enzymes. 
2. RNase T1, RNase H. 
3. 5 M NaCl. 
4. 10 mM Tris–HCl, pH 8.0. 
5. TE: 10 mM Tris–HCl, pH 8.0, 1 mM EDTA.  
6. 0.5 M EDTA, pH 8.0.  
7. 1× TBE: 89 mM Tris base, 87 mM boric acid, 2 mM EDTA, pH 8.0.  
8. Loading buffer: 40 % sucrose, 0.025 % (w/v) xylene cyanol & bromophenol blue.  
9. Low electroendosmotic (LEEO) agarose & ethidium bromide (EB): 10 mg/mL.  
10. Gel tank with ports for buffer circulation, peristaltic pump.  
11. Power supply & Ultraviolet (UV) light box.  
 
2.6 Transfer of mtDNA to Solid Support and Hybridization  
 1. Depurination buffer (DPB): 0.25 N HCl.  
2. Denaturing buffer (DNB): 0.5 M NaOH, 1.5 M NaCl.  
3. Nylon membrane, 3 MM Whatman filter paper & paper towels.  
4. Hybridization buffer: 0.25 M sodium phosphate, pH 7.2, 7 % (w/v) SDS.  
5. 20× SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0.  
6. Washing buffer 1 (WB1): 1× SSC. 
7. Washing buffer 2 (WB2): 1× SSC/0.1 % (w/v) SDS.  
8. X-ray film or phosphorimager cassettes.  
 
3 Methods  
 
3.1 Isolation of Mitochondria from Rat Liver  
 
All solutions should be pre-cooled and all operations carried out on ice in a cold room.  
1. First excise and discard the gall bladder, then remove the liver from the rat, separate 
and discard any associated fat, blood, and blood vessels.  
2. Weigh the liver. 4 g liver provides enough material for ≥20 labeling reactions.  
3. Mince the tissue finely with scissors and rinse repeatedly with ice cold 1:10 diluted HB 
until there is no residual blood or fat.  
4. After the final rinse, add 4 mL HB/g minced liver and homogenize using a motorized 
tight-fitting Dounce homogenizer until the suspension is smooth (see Note 3).  
5. Centrifuge the homogenate at 1000 × gmax for 5 min at 4 °C to pellet nuclei and large 
debris; repeat this step.  
6. Centrifuge the supernatant at 9000×gmax for 5 min at 4 °C to pellet the mitochondria.  
7. Discard the supernatant and suspend the mitochondrial pellet in 5 volumes of HB/g; i.e. 
20 mL for 4 g of liver (use a loose fitting glass homogenizer to ensure a homogenous 
solution).  
8. Divide the solution among 1.5 mL or 2 mL plastic tubes, re- pellet the mitochondria by 
centrifuging at 10,000×gmax for 2 min at 4 °C.  
9. Resuspend each pellet in 700 or 800 μL of HB and half the number of tubes; re-pellet 
the mitochondria by centrifuging at 10,000 × gmax for 2 min at 4 °C.  
10. Resuspend the mitochondrial pellet in IB and leave to equilibrate for the time taken to 
estimate the protein concentration.  
11. Remove 10 μL of mitochondrial suspension and estimate the protein concentration (see 
Subheading 3.2 below).  
12. Pellet the mitochondria (10,000×gmax for 2 min at 4 °C) and resuspend the organelles 
in IB at a concentration of 4 mg/mL protein (see Note 4).  
 
3.2 Protein Estimation  
 
1. Mix 1 μL of sample with 99 μL 0.6 % SDS in a 0.5 mL tube.  
2. Heat to 95 °C for 4 min.  
3. Set the spectrophotometer at A280nm, add 100 μL of 0.6 % SDS to two cuvettes and set 
the reading as zero.  
4. Read the A280 nm of the sample (from step 1).  
5. Calculate the protein concentration based on 0.21 U of Absorbance = 10 μg/mL. Thus, 
A280/0.021 = protein con- centration × 10 μg/mL (see Note 5).  
 
3.3 In Organello Labeling of Mitochondrial Nucleic Acid  
 
1. Prepare 1 mL lots of mitochondrial suspension in 2 mL plastic tubes according to the 
number of reactions required.  
2. To each tube add [α-32P]-dATP (3000 Ci/mmol) to a final concentration of 6.6 nM, and cold 
dTTP, dGTP and dCTP, each 50 μM.  
3. Incubate at 37 °C with rotation according to the length of the pulse (5 min to 3 h) (see Note 
6).  
4. If a chase is required pellet the mitochondria, 10,000 × gmax for 2 min at 4 °C, and 
resuspend in 1 mL of IB with all four dNTPs (50 μM each). Incubate at 37 °C with rotation 
accord- ing to the length of the chase.  
5. For RNA labeling use 6.6 nM [α-32P]-UTP (12,000 Ci/ mmol), and 50 μM each of ATP, CTP, 
GTP, and the four dNTPs (see Note 7).  
 
3.4 Mitochondrial DNA Extraction  
 
1. After the pulse labeling (and chase) reaction, pellet the mitochondria and resuspend them 
in 475 μL LB (without deter- gent). Add Proteinase K (stock 20 mg/mL in water) to a final 
concentration of 0.1 mg/mL and incubate on ice for 30 min.  
2. Add 25 μL of 20 % sodium sarkosyl and mix gently. 
3. Add an equal volume of PCIA mix gently yet thoroughly.  
4. Centrifuge 16,000 × gmax for 5 min at 4 °C.  
5. Transfer the upper aqueous phase to a clean tube, mix gently with 1 volume of CIA, and 
spin at 16,000 × gmax for 5 min at 4 °C.  
6. Recover the upper, aqueous phase and add 1 volume of isopropanol and NaCl to 100 mM, 
mix gently, and incubate at –20 °C for 1 h or overnight.  
7. Centrifuge at 20,000×gmax for 20 min at 4 °C.  
8. Wash the pellet with 70 % ethanol and briefly air-dry.  
9. Resuspend the pellet in TE, and determine the nucleic acid concentration, e.g. by UV 
spectrometry.  
 
3.5 Nucleic Acid Modification and 2D-AGE ( See Note 8)  
 
1. Digest 3 μg lots of total mitochondrial nucleic acid with 10 U of the appropriate restriction 
endonuclease(s) for 1–3 h at 37 °C in a total volume of 200 μL.  
2. To precipitate the digestion products, add NaCl to 100 mM (maximally 4 μL of 5 M NaCl for 
a volume of 200 μL), 5 μL Glycogen (10 mg/mL), and 2 volumes of 100 % EtOH (420 μL). 
Invert the tubes several times. Precipitate at −20 °C over- night or 1 h.  
3. Centrifuge the sample at 20,000 × gmax for 20 min at 4 °C. 
4. Discard the supernatant and wash the pellet with 70 % ethanol.  
5. Air-dry the pellet, suspend in TE or in 10 mM Tris–HCl, pH 8.0 if it is to be treated with 
modifying reagents. If no additional treatment is required then the sample is ready for 
2D-AGE.  
6. Our standard conditions for the modifying enzymes used to date are 1 U of RNase H for 15 
min at 37 °C in 20 mM HEPES–KOH, pH 7.8, 50 mM KCl, 10 mM MgCl2, 1 mM DTT; 100 
U of RNase T1 nuclease in 10 mM Tris–HCl, pH 7.4, 40 mM NaCl, 1 mM MgCl2 for 15 
min at 37 °C.  
7. Stop the reaction by flash-freezing the sample on dry ice/ ethanol.  
8. Prepare a 100 mL 0.4 % agarose gel in 1× TBE buffer and cast in a 110×140 mm gel tray for 
1D-AGE.  
9. Submerge gel in a tank containing 1× TBE.  
10. Load samples and appropriate size markers (e.g. kilobase ladder).  
11. Run the first dimension at 0.7 V/cm for 20 h at room temperature.  
12. After 20 h, cut out the lanes containing the samples with the aid of a razor blade and a 
ruler.  
13. Prepare 400 mL of 1 % molten agarose gel in 1× TBE containing 500 ng/mL EB.  
14. Rotate each 1D gel slice 90° counter-clockwise and place it in a 200×200 mm gel-casting 
tray (see Fig. 1).  
15. Remove excess TBE buffer around the gel slice with 3 MM filter paper and adhere the gel 
slice to the tray with 1 % molten agarose.  
16. Cool the 1 % molten agarose to 50 °C in a water bath and add to the gel tray from the 
opposite side of the gel slice and wait until it has solidified.  
17. Place the gel in a tank containing cold 1× TBE with 500 ng/ mL EB.  
18. Using a peristaltic pump, circulate the buffer from the positive to the negative electrode 
to avoid the EB accumulating at the cathode.  
19. Run the second dimension at 6 V/cm for 6 h at 4 °C.  
20. The gel can be dried using a standard gel dryer but the national regulations concerning 
radioactive condensate must be consulted.  
 
3.6 Transfer to Solid Support ( See Note 9)  
 
1. After 2D-AGE, remove the gel from the tank and invert into a glass dish.  
2. Add 500 mL DPB for a dish measuring 300×400 mm, rock gently for 30 min, and discard 
solution (acid turns xylene cyanol green and BPB yellow).  
3. Add 500 mL DNB and rock gently for 5 min. Pour off the solution and repeat the treatment 
for 25 min (xylene cyanol and BPB return to their original colors).  
4. Add 500 mL NB and rock gently for 10 min. Discard the solution and repeat the treatment 
for 10–20 min.  
5. Cut a piece of nylon membrane to the dimensions of the gel, wet in water and place face 
down on the gel removing any bubbles with a roller or glass rod.  
6. Soak two sheets of 3 MM Whatman filter paper in water and place them on top of the 
membrane, again avoiding bubbles.  
7. Stack 10–12 cm of paper towel on top of the filter paper.  
8. Place a glass plate or a tray on top and a weight to create enough pressure to maintain 
uniform contact across the gel (see Note 10).  
9. Blot overnight on the bench.  
10. Remove and discard paper towels and 3 MM Whatman filter paper. Place the membrane 
face up on 3 MM Whatman filter paper and let stand for a few minutes.  
11. Covalently link the DNA to the membrane in a UV cross- linker: total energy 1200×100 
mJ/cm2.  
12. Expose the membrane to an X-ray film or phosphorimager cassette for 30 min to several 
days.  
13. Because of the sensitivity of RNA to extremes of pH, DPB and DNB are not appropriate 
after UTP labeling of mitochondria. Instead the gel should be equilibrated in 6× SSC 
buffer, 20 mM NaOH for 30 min.  
14. Rinse the membrane in 6× SSC, place the gel on a bed of three layers of 3 MM Whatman 
filter paper soaked in 6× SSC and follow steps 5–12 above.  
 
3.7 Hybridization to Determine the Steady-State Level of RIs  
 
1. Place the membrane DNA side up in a hybridization tube and add 15 mL pre-warmed 
hybridization buffer at 65 °C.  
2. Incubate in a hybridization oven for at least 30 min at 65 °C.  
3. Pour off the solution and repeat the incubation with fresh 15 mL pre-warmed hybridization 
buffer at 65 °C.  
4. Label a mtDNA-specific probe (see Note 11). 
5. Denature the dsDNA probe at 95 °C for 5 min and chill on ice for 2 min.  
6. Incubate overnight at 65 °C for dsDNA probes, 60 °C for riboprobes and oligonucleotides 
>80 mers. Wash temperatures should also be adjusted down for these last two types of 
probe. In all cases there should be next to no detectable probe in the wash solution at 
the end of the process.  
7. Discard the hybridization solution containing the probe and wash the membrane four times 
with 50 mL WB1 at 65 °C for 20 min.  
8. Wash the membrane twice with 50 mL WB2 at 65 °C for 20 min.  
9. Remove the membrane from the tube and air-dry briefly.  
10. Wrap the membrane in cling film (Saran Wrap). Expose to X-ray film for 0.5–7 days at –80 
°C, or to a phosphor cassette.  
 
4 Notes  
 
1. Any device that enables the mitochondria to be mixed during the labeling reaction should 
suffice.  
2. Incubation buffer can be stored as a 2× stock for at least 6 months at 4 °C.  
3. Four to six strokes using a IKA Labortechnik RW 20 motorized homogenizer set at speed 5.  
4. 40 mg of enriched mitochondria from 4 g liver is a typical yield providing enough material 
for 40 reactions.  
5. On the first few occasions protein standards should be tested for validation purposes.  
6. We adhere the 2 mL tubes to the outside of a glass hybridization tube using a piece of 
autoclave tape.  
7. Mitochondrial RIs are barely detectable with [α-32P]-UTP pulses shorter than 1 h; 2 h is 
recommended.  
8. The conditions described for 2D-AGE are designed to give optimal resolution of 3–4-kb 
fragments. In the case of frag- ments of >5 kb, 1D electrophoresis is in a 0.35 % agarose 
gel at 1.5 V/cm for 20 h, and 2D at 3 V/cm for 18 h in a 0.875 % agarose gel. For 
fragments <3 kb use 0.9 V/cm for 20 h for 1D and 0.55–1.0 % (w/v) agarose, at room 
temperature (1D) and 2D 9 h at 260 mA, 1.5–2.0 % agarose, at 4 °C.  
9. Although capillary transfer to solid support (Southern blot- ting) is not required for in 
organelle-labeled mtDNA, it is con- venient to transfer the mtDNA fragments to a 
membrane as drying large radioactive agarose gels is somewhat problematic and 
subject to strict rules. Moreover, blotting is essential if one wishes to determine the 
relative abundance of actively replicat- ing molecules compared to the steady-state 
level of RIs (see Subheading 3.7).  
10. High pressure does not facilitate capillary transfer, and post- denaturation capillary 
transfer works well without a reservoir of “transfer” buffer. The efficiency of transfer of 
in organelle- labeled products can be monitored readily by means of a Gieger counter.  
11. Random hexamer-labeled dsDNA probes of cloned or PCR amplified mtDNA can be 
generated with commercial kits or by assembling the individual reagents. End-labeled 
oligonucle- otides and riboprobes are both effective ways of gaining strand- specific 
information.  
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Fig. 1 Schematic diagram of neutral 2D-AGE. Panel 1a depicts a gel after first dimension 
electrophoresis, filled black boxes represent wells of the gel, narrow horizontal lines are linear 
fragments of double-stranded DNA, and dotted vertical lines demarcate the lanes to be 
excised. In a conventional 1D Southern blot (panel 1b) the lanes are not excised and specific 
fragments of DNA are detected after transfer to solid support by hybridization to radiolabeled 
nucleic acid probes. Panel 2, for 2D-AGE each 1D gel slice is rotated through 90° and a second 
gel cast around it, four 1D gel slices are shown on a single 2D gel. After second-dimension 
electrophoresis the linear double-stranded fragments (black circles) resolve on a defined arc 
(narrow unbroken line); the position of each fragment after the first dimension separation is 
shown by a broken faint line in the original 1D gel slice. After blotting and hybridization to 
detect a specific fragment of (mt)DNA, one of the 1n spots features prominently and its 
accompanying replication intermediates become visible (panel 3)  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 2 Interpretations of patterns of replication intermediates fractionated by 2D-AGE. Panels 
(a–d): schematic patterns of RIs on 2D-AGE. Panel (e), line drawings of structures of RIs. Panel 
(a), a simple replication fork or Y-arc of duplex DNA, replication initiated outside the fragment, 
interpreted in e-I. Panel (b), initiation of bidirectional replication from a discrete origin located 
at the center of a fragment giving rise to a complete bubble arc, because the two forks exit 
the fragment simultaneously there is no fork arc (the position of the fork arc is shown as a 
faint broken line for reference purposes). Panel (b) is interpreted in e-II; the bubble arc 
increases in intensity as it reaches its apex, giving it a “clubheaded” appearance, due to 
compression. Panel (c), bidirectional initiation from multiple sites across a zone defined by 
the fragment; in this case initiation at the center of the fragment is only one of many 
possibilities, at other initiation sites such as those depicted in e-III and e-IV one fork exits the 
fragment well before the other, converting the bubble to a Y structure. Panel (d), a supra Y 
(sY) arc of the type associated specifically with mtDNA replication. These result from failure 
of the restriction enzymes to cut one branch of a RI after the fork has exited a fragment (as 
depicted in e-V). Panel (f), an electron microscope image of a replicating DNA molecule cut at 
two light gray restriction sites that preserves the bubble (panel g) and a dark gray site located 
at the center of the bubble (assumed to be a bidirectional origin in this interpretation), 
cleavage of the bubble converts it to fork structures that con- tribute to the Y arc(s) (panel h). 
Note that the image in panel (g) corresponds to one of the points on the arc illustrated in e-
II, whereas h is equivalent to an e-I replication intermediate  
 
 
 
 
 
Fig. 3 The majority of mtDNA fragments labeled in organello are replication intermediates. 
After in organello labeling of rat liver mitochondria, mtDNA was extracted, digested with BlpI 
or BspHI and subjected to 2D-AGE. After transfer to solid support, phosphorimager analysis 
of the BlpI-digested material revealed a prominent bubble arc (b) and a supra-Y (sY) 
replication fork arc (panels a and b), substantially the same as those detected by Southern 
hybridization after probing with a radiolabeled probe (panels c and d). Note that the probe 
detects a specific fragment of mature mtDNA of 5 kb (1n), whereas incubation of 
mitochondria with [α32P]-dATP labels all fragments of the mtDNA during the reaction. The 
linear fragments of mtDNA cut at all the restriction sites (1n spots) have always been 
presumed to be non-replicating mtDNA and this is confirmed by the in organello labeling 
method as their contribution to total signal is many fold lower than the steady-state amount 
indicated by Southern blotting (panels a and b compared with c and d)  
 
 
 
 
 
 
Fig. 4 The majority of mtDNA fragments labeled in organello contain extensive RNA/DNA 
hybrid. In organello labeled rat liver mtDNA was digested with BlpI, treated with or without 
RNase H and the products fractionated by 2D-AGE, transferred to filter-membrane and 
phosphorimaged. The gross modification of the major arcs (origin-containing bubble (b) arc 
and supra-Y (sY) arc) indicates that the replication occurring in the mitochondria was 
predominantly of the bootlace type during the 5 min labeling reaction (see [41])  
 
